Introduction
Parkinson's disease (PD) is the second most prevalent neurodegenerative disorder affecting *1% of the population [55 years old [1] . Pathologically, PD is characterized by the progressive deterioration of dopamine (DA) neurons and the presence of Lewy bodies composed of a-synuclein in the substantia nigra pars compacta (SNc), as well as the loss of DA signaling in the striatum. Numerous genes have been identified as contributors to the etiology of PD, including two dominantly-inherited genes [a-synuclein or SNCA and leucine-rich repeat kinase 2 (LRRK2)], three recessive genes (Parkin, DJ-1, and PINK1) [2] , and other PD-associated genes (UCHL1, ATP13A2, GIGYF2, HTRA2, PLA2G6, FBXO7, VPS35, EIF4G1, DNAJC16, and GBA) [3, 4] . These genes can interact with environmental risk factors to initiate the main pathogenic mechanisms involved in PD, including apoptosis, autophagy, inflammation, mitochondrial dysfunction, and oxidative stress [5] , and finally generate PD pathologies. Clinically, PD is primarily diagnosed by the late onset of motor disorders including resting tremor, muscle rigidity, stiffness of the limbs, bradykinesia, and postural instability [6] . However, when these manifestations are observed, a significant loss (60%-70%) of DA neurons has already occurred, leading to limited clinical benefits of current therapeutics [7, 8] . Therefore, the early identification of PD, especially at the prodromal stage, is a main challenge for early diagnosis and therapy. Non-motor symptoms, such as sleep disturbances, sensory abnormalities, autonomic dysfunction, cognitive deficits, and mood disorders, are sometimes present before motor symptoms and have been recently reported to be beneficial for the early diagnosis of PD [9, 10] . However, non-motor symptoms also occur frequently in individuals without PD as a part of normal aging. Previous studies have suggested that 68%-88% of normal, comparably aged individuals experience at least one non-motor symptom. Thus, developing reliable clinical diagnostic methods that are feasible, objective, measurable, specific, and sensitive for PD is essential to improve the diagnosis and management of the disease. MicroRNAs (miRNAs) are small non-coding RNA molecules 18-25 nucleotides long [11] . Since miRNAs can be released into peripheral fluids from both the central nervous system (CNS) and peripheral organs in a cell-free manner, they can bind with protein components and be encapsulated by microvesicles (for example, exosomes) to cross the blood-brain barrier [12] [13] [14] [15] . Therefore, miRNAs can be detected in fluids such as plasma, serum, tears, saliva, breast milk, urine, and cerebrospinal fluid (CSF) [16] . Intracellular miRNAs can interact with the RNAinduced silencing complex (RISC) and target the 3'-untranslated region (UTR) of mRNAs, causing subsequent degradation or translational modulation of target genes [17, 18] . miRNAs are believed to regulate the expression of *30% of human genes, and each miRNA is estimated to regulate *200 target genes [19] . Furthermore, miRNAgene-related regulation may change homeostasis and molecular functions in cells, which may cause the abnormal expression of miRNAs in the CNS [12] . More importantly, the expression profiles of brain miRNAs change during the course of brain development, thus these tiny molecules may act as mighty regulators to restore imbalanced or dysregulated pathophysiological pathways at the onset and very early stages of PD. Moreover, with high stability and quantifiability, lower cost, and shorter time of assay development, as well as their diversity and potential to target multiple downstream genes, miRNAs may have putative roles in the diagnosis and treatment of PD [20] . miRNAs and PD miRNAs play critical roles in the biology of DA neurons, the predominant cell type affected by neurodegeneration in PD [1] . miRNAs have recently been found to regulate gene expression in the cortex of patients with PD, and the cortical expression patterns of miRNAs accurately distinguish PD brains from non-diseased brains [21, 22] . Previous studies have further addressed the roles of miRNAs in PD pathogenesis by focusing on the PD-related genes, such as a-synuclein or LRRK2, and have identified miRNAs that specifically regulate their expressions [23, 24] . More recently, miRNAs have been easily quantified in various body fluids as cell-free or exosome-derived molecules, suggesting that miRNAs might be used as specific and objective biomarkers for PD diagnosis at premotor or prodromal phases. Several reports have shown that altered miRNAs might be associated with the premotor stage. For instance, down-regulated expression of miR-34b and c have been found in the amygdala and frontal cortex of PD patients at premotor stages, and not related to drug treatment [25] . Decreased expression of miR-19b has been found in patients with idiopathic rapid eye movement sleep behavior disorder 4.67 ± 2.61 years before a diagnosis of PD or dementia with Lewy bodies [26] . It is conceivable that the altered expression patterns of miRNAs in the brain, CSF, and peripheral blood of PD patients may provide valuable information to help the early diagnosis and management of PD. This will require a large number of samples at different stages of PD and carefully matched healthy and disease controls, for confirmation and eventual use in clinical practice.
Expression Patterns of miRNAs in Body Fluids of PD Patients

Differential Expression of miRNAs in PD Patients and Controls
In recent years, the altered expression of miRNAs in various body-fluid samples from PD patients has been reported. For instance, the expression levels of miR-335, miR-374a/b, miR-199, miR-126, miR-151-5p, miR-29b/c, miR-147, miR-28-5p, miR-30b/c, miR-301a, and miR-26a in peripheral blood mononuclear cells (PBMCs) from PD patients are lower than those from healthy controls [27] . Plasma-based circulating miRNAs including miR-1826, miR450b-3p, miR-626 and miR-505 are differentially expressed in PD patients and controls, and may serve as potential biomarkers for PD diagnosis [7] . Since CSF is directly associated with the CNS, it has been considered as a reliable source for investigating biomarkers of PD. Previous studies have demonstrated that let-7-3p, miR-128, miR-433, miR-485-5p, miR-132-5p, and miR-212-3p from CSF are differentially expressed in PD patients and controls [28] . Moreover, miR-1 and miR-19b-3p in CSF exosomes are significantly reduced in PD patients, while miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p are significantly up-regulated, demonstrating that CSF exosomal RNA molecules might be reliable biomarkers with fair robustness in regard to specificity and sensitivity in differentiating PD from healthy controls [29] . Previous studies have also demonstrated changes of miRNAs expression in serum from patients with PD. For example, miR-338-3p, miR-30e-3p, and miR-30a-3p are up-regulated, whereas miR-16-2-3p and miR-1294 are downregulated in the serum of PD patients [30] . miR-29c, miR146a, miR-214, and miR-221 in PD patients are also significantly lower than in healthy controls. In addition, positive correlations between miR-221 and UPDRS-III, as well as between miR-221 and UPDRS-V in PD patients have been demonstrated, suggesting that miRNAs can be used as biomarkers for detecting the stages of PD [31] . Table 1 summarizes the alterations of miRNAs in various body-fluids from PD patients assessed using different methods. Generally, these studies used small samples and simple technologies. Future studies with larger sample size and samples from multiple clinical sites should be encouraged.
The actions of these differentially-expressed miRNAs on PD-related genes in the CNS have been gradually revealed. For instance, pathogenic LRRK2 antagonizes the repression of E2F1/DP expression by let-7 or miR-184*; conversely, an increased level of let-7 or miR-184* attenuates the pathogenic effects of LRRK2 [32] . Moreover, miR-433 binds to the promoter region of fibroblast growth factor 20, indirectly causing the overexpression of a-synuclein [33] , a characteristic pathological marker of PD. miR-128 targeted to transcription factor EB acts indirectly against the accumulation of a-synuclein; and miR-7 and miR-153 can bind to the 3'-UTR of SNCA and thus directly inhibit the expression of a-synuclein [24, 34] . Moreover, our previous study demonstrated that miR-132 represses the differentiation of DA neurons and that increased miR-132/miR-212 expression down-regulates the Nurr1 level [35] . These findings suggest that different miRNAs play either protective or harmful roles, keeping the balance between PD-risk/causal factors and protective factors. Further studies are needed to uncover the detailed networks underlying the complicated interactions between miRNAs and PD, and thus provide experimental evidence to support the beneficial roles of miRNAs in early diagnosis and management.
miRNA Expression in PD Patients Carrying Different Gene Mutations
The altered expression profiles of miRNAs in the bodyfluids of PD patients may predict the impact of these miRNAs on the expression of PD-related genes and subsequently the functions of these genes and their downstream targets. Moreover, interactions between miRNAs and PD-related genes have also been identified. Apart from the antagonistic interactions between LRRK2 and let-7 or miR-184* [32] , the expression of miR-29a, miR-29c, and miR-19b in serum from PD patients carrying LRRK2 mutations is also significantly reduced [36] . Our recent study indicated that the miR-29 family (miR-29a, b, and c) directly repress the expression of Tet1 [37] , suggesting that this family may provide potential biomarkers for Tet1-associated PD. Moreover, dramatic up-regulation of miR-144-5p, miR-200a-3p, and miR-542-3p has been detected in both a-synuclein A53T mutant mice and the CSF of PD patients [38] . Interestingly, the changes of miRNA expression have strong correlations with the severity of PD, suggesting that the differentially-expressed miRNAs may be useful biomarkers to distinguish different stages of PD [38] . The detection of miRNAs in body-fluids from PD patients carrying PD-related gene mutations is not widely used because of the limited number of samples from PD patients with gene mutations. Several studies have reported changes in miRNA profiles in animal models or cell lines transfected with PD-related genes [39, 40] . For example, deficiency of PINK1 might decrease the expression of mir-326, mir-330, and mir-3099, affecting the development of mouse brain and the differentiation of neural stem cells [39] . Moreover, since the alterations of miRNA expression in PD patients carrying different gene mutations are not the same, miRNAs may also serve as biomarkers for the differential diagnosis of PD patients carrying different genetic variants.
Differential Expression of miRNAs in Treated and Untreated PD Patients
Previous studies have indicated altered miRNA expression profiles in PD patients with pharmacotherapy or deep brain stimulation (DBS) compared with untreated controls. Margis et al. [41] analyzed the expression patterns of miRNAs in peripheral blood from untreated PD patients, levodopa/carbidopa-treated PD patients, early-onset PD patients, and healthy controls. They found that miR-1, miR-22*, and miR-29 in total peripheral blood are able to distinguish untreated PD from healthy individuals, while miR-16-2*, miR-26a-2*, and miR-30a can differentiate treated from untreated patients [41] . Alieva et al. found that the levels of miR-7, miR-9-3p, miR-9-5p, miR-129, and miR-132 in peripheral blood lymphocytes are higher in treated than in untreated PD patients [42] . Moreover, Serafin et al. demonstrated that miR-30b-5p, miR-103a-3p, and miR-29a-3p in PBMCs are significantly higher in levodopa-treated PD patients than in controls, while there is no statistically significant difference between drug-naïve patients and controls [43] .
Soreq et al. analyzed the miRNA expression in blood leukocytes from DBS-treated PD patients and healthy controls [44] . All patients were given bilateral subthalamic nucleus electrode implantation, and the blood samples were collected at one day pre-DBS and post-DBS (6-18 weeks), ON stimulus and OFF stimulus. They found that DBS induced a stimulus-dependent reversal of miRNAs in the leukocytes from PD patients, as evidenced by the increased expression of hsa-miR-20a and decreased hsa-miR-378 after DBS treatment. Moreover, they also found decreased expressions of miR-652, miR-15a*, miR-29c, miR-29a, miR-376c, and miR-143, together with increased expressions of miR-423, miR-365, miR-486, miR-1260, and miR-218, after cessation of electrical stimulation [44] . The different expression profiles of miRNAs between anti-PD drug/DBS-treated and untreated individuals as well as different stages of DBS-treated PD suggest that miRNAs may be useful for predicting the therapeutic outcome of PD [44] . Furthermore, as the miRNAs differentially expressed between treated and untreated PD patients have been identified, further analysis of the target genes of these miRNAs may be useful for a better understanding of the mechanisms underlying the efficacy of PD therapy.
miRNA Detection in Brain Samples from PD Patients
Although the measurement of peripheral miRNAs provides a convenient and feasible method for the diagnosis and management of PD, the detection of miRNAs in brain tissues is still of most importance for advancing our understanding of the on-going biology of the disease. One recent analysis of postmortem cerebral cortex, midbrain, and cerebellum from PD patients and unaffected controls found that miR-133b, which regulates the maturation and function of midbrain DA neurons, is deficient in the midbrain of patients with PD [45] . Furthermore, a negative feedback loop between miR-133b and paired-like homeodomain transcription factor Pitx3 is also revealed [45] . Another study analyzed the miRNA expression in differently-affected brain regions from idiopathic PD patients at either premotor stages (Braak stages 1 to 3) or motor stages (Braak stages 4 and 5) [25] . They found that the expressions of miR-34b and miR-34c are decreased at the motor stages in several affected brain regions of PD patients, including the amygdala, frontal cortex, substantia nigra, and cerebellum. More interestingly, a significant reduction in the expression of both miR-34b and miR-34c has been reported in the amygdala of patients at premotor stages who received no treatment related to PD [25] . Moreover, the downregulation of miR-34b and c is coupled with reduced expression of the important PD genes DJ-1 and Parkin [25, 46, 47] .
Other studies have also demonstrated the significant upregulation of miR-21, miR-224, miR-373*, miR-26b, miR106a*, and miR-301b, which target the chaperone-mediated autophagy pathway in the SNc and amygdala of PD patients [48] . Moreover, a significant differential expression of miR-135b in the SNc between PD patients and healthy controls has been reported [49] . In addition, the expression level of miR-205, a suppressor of LRRK2 expression, is significantly lower in the frontal cortex and striatum of PD patients [23] .
Different Expression of miRNAs in Patients with PD and Other Neurological Diseases
miRNAs may be valuable biomarkers for distinguishing PD from other neurological diseases. For instance, the expression of miR-10b-5p is significantly decreased in PD patients, especially in the later onset stage, whereas this miRNA is increased in the brains of patients with Huntington's disease, especially in the early stage [22] . miRNAs may also be helpful in the differential diagnosis of PD from the C subtype of multiple system atrophy (MSA). While miR-223*, miR-324-3p, and miR-24 are upregulated and miR-339-5p is down-regulated in sera from both PD and MSA patients, the levels of miR-24, miR-34b, and miR-148b are significantly higher in MSA than in PD patients [50] . Moreover, the down-regulation of miR-19b in patients with idiopathic rapid eye movement sleep behavior disorder facilitates the diagnosis of PD or dementia with Lewy bodies [26] .
In summary, alterations of miRNAs in different stages of PD have been reported. It may be useful to find the changes in the early stage of disease, as this may help early diagnosis and predict the disease progression. Furthermore, following the changes of miRNAs with treatment may permit monitoring the progress of the disease and uncover the therapeutic mechanisms and pathways. However, these studies are limited by the small number of samples and the lack of verification and pathway identification.
So far, only a handful miRNAs have shown consistent results in different studies on body-fluids or brain tissues from PD patients. For instance, decreased expression of miR-29c has been reported in CSF, serum, and PBMCs in several studies comparing late-stage PD with controls [26, 27, 29, 36] . miR-29a and c in serum from PD patients carrying LRRK2 mutations have also been reported to be significantly reduced [36] . Blood miR-29a is higher in L-dopa-treated patients with PD versus controls. Besides, miR-29b in PBMCs from PD patients is lower than in healthy controls [27] . The miR-29 family (miR-29a, b, and c) in peripheral blood can be used to distinguish untreated PD from healthy individuals [41] . We found a regulatory interaction between the miR-29 family and the DNA demethylase Tet1 [37] , implying its potential application for Tet-related human diseases. Therefore, we consider the miR-29 family to be the most promising candidates for biomarkers of PD.
Moreover, the miRNAs that act on PD-related genes may have more potential value for further network studies. For example, miR-205, let-7, and miR-184* are associated with LRRK2 [23, 32] ; miR-433, miR-7, and miR-153 with a-synuclein [24, 33, 34] ; miR-132 with Nurr1 [35] ; miR34b and c with DJ-1 and Parkin [25, 46, 47] ; and miR-133b with Pitx3 [45] . So, these miRNAs are worth further investigation to assess their value as biomarkers of PD.
miRNA-Based Therapy for PD
To date, the clinical diagnosis of PD is primarily based on the late onset of motor impairments. Unfortunately, at this stage, the majority of DA neurons may have already been lost, leading to limited clinical benefits of current therapeutics. Therefore, the symptomatic therapy currently used for PD lacks long-lasting efficacy and fails to reverse the pathological progression of the disease. Moreover, other therapeutic strategies, including DBS [51] , cell transplantation [52] , and gene therapy [53] , can improve the motor symptoms, but they are expensive and their applications are still far from generalized. Considering the important roles of miRNAs in PD pathogenesis and progression, these small RNA molecules appear to be promising tools in PD therapy, via predicting more potential molecular targets and providing biomarkers for better or more individualized therapeutic strategies.
miRNA Mimic Application
In 2007, small double-stranded RNA molecules that mimic miRNAs and can serve as gain-of-function tools for specific miRNAs were developed [54] . miRNA mimics downregulate certain target proteins by binding to the 3'-UTR of the mRNA of a specific target gene. miRNA mimics have been reported to regulate PD-related risk genes and unravel proteins associated with PD. For instance, miR-205 targets LRRK2 in the brains of sporadic PD patients, and miR-153 targets a-synuclein in rodents' primary neuron culture [23, 24] . However, this strategy also carries the potential risk of off-target effects and the probability of unwanted interference with other genes [34, 55] .
Anti-miRNA Oligonucleotides and Antagomir
Anti-miRNA oligonucleotides (AMOs) and antagomir can downregulate miRNA through binding to the mature guide strand and induce degradation or stoichiometric duplex formation [56] . Compared with conventional inhibitors, antagomir is more stable and has a stronger inhibitory effect in vivo and in vitro. Antagomir does not need a transfection reagent in cell experiments, avoiding the complex packaging process. In animal experiments, the systemic or local injection, inhalation or oral administration of these therapeutics has been developed to prolong the therapeutic effects for several weeks.
AMOs enable the identification of miRNAs involved in the pathophysiological process of PD and interfere with molecular pathways, mainly those involved in apoptosis, autophagy, inflammation, mitochondrial dysfunction and oxidative stress, neurite outgrowth, dendritic spine morphology, neuronal differentiation, and synaptic plasticity [5, 34, 54] .
Other therapeutic intervention strategies have also been established. miRNA sponges are able to target an entire miRNA family sharing the same seed sequence [55] ; and miRNA-mask, a single stranded 2'-O-methyl-modified antisense oligonucleotide, binds to the 3'-UTR of the target mRNA of an miRNA, thereby masking the miRNA binding site and then de-repressing the target genes [56] . However, these two approaches, to date, have not been applied to PD.
Fortunately, following the rapid research progress in nanotechnology and the development of novel and efficient nanovehicles for siRNA and miRNA delivery, the miRNA delivery challenges in vivo seem to have been overcome. For instance, various techniques, such as the covalent coupling of RNAs to cholesterol, lipids, peptides, and antibodies, as well as chemical nucleotide modifications in the RNA structure, have been established in order to increase the RNA protection and response sensitivity [57, 58] . Moreover, the nanoparticulate polyethylenimines seem to be a promising tool for the delivery of small RNA molecules [59] .
Strategy for miRNA Target Gene Prediction
miRNAs have been demonstrated to play key roles in many biological processes, including development, cell differentiation, proliferation, apoptosis, and tumor metastasis, but the specific function of each miRNA as well as its target genes is not yet clearly understood. Accordingly, it is important to predict miRNA target genes in order to analyze and reveal the functions of miRNAs that are involved in biological processes. Bioinformatics and biological tools are the main methods that are useful in current studies on miRNA target genes.
Bioinformatics tools are based on algorithms to grade and screen target genes from samples, and provide reference information to researchers, so the results can be validated by experiments. Moreover, with the increasing number of miRNAs in miRBase, identifying and keeping track of links between miRNAs and their targets are becoming increasingly complex. However, researchers can use miRNA target-prediction tools such as MiRanda, TargetScan, RNAhybrid, DIANA-microT, and RNA22, which have been designed with different algorithms to explore interesting miRNAs obtained from the literature, experiments, or databases [60] . Considering certain limitations of computational approaches in predicting miRNA target genes, many investigators have conducted biological experiments to directly find the miRNA target genes from the levels of mRNAs and their related proteins. For instance, gene chip analysis has been used for assessing the changes of mRNAs after modifying the expression levels of miRNAs in cells [61] , while RISC immunopurification [62] has been used to isolate miRNA target genes. Considering that the actions of miRNAs are mediated through post-transcriptional inhibition and cause changes in the levels of proteins, several research groups have used proteomics to identify miRNA target genes [63, 64] .
The reported research processes for finding miRNA target genes are illustrated in Fig. 1 . While the main line of study is clear, more newly-developed technologies and analytical methods will further help to provide a better understanding of the network of interactions between miRNAs and their target genes.
Conclusions
Among many methods available to detect miRNAs, two of the most frequently used are reverse transcription real-time quantitative PCR (RT-qPCR) and next-generation small RNA sequencing [65] . By using these traditional methods, various miRNA expression profiles have been generated, and comparative analysis has been performed to detect the potential benefits of miRNAs for the early diagnosis and treatment of PD. Since the miRNAs differentially expressed between PD patients and healthy individuals and between treated and untreated PD patients have been reported, we conclude that measurement of certain miRNAs in bodyfluids may aid the diagnosis of PD. Furthermore, application of miRNA mimics to interfere with the target genes may have the potential to develop new drugs for the treatment of PD. However, the specificity of miRNAs and the reproducibility of their effects are still concerned due to small sample sizes and the heterogeneity (age, sex, and severity of disease) of recruited patients. To acquire consistent and reliable miRNA biomarkers, the following points should be considered: (1) establishing standard operating protocols for sample collection, preservation, and detection from different labs and research centers; (2) obtaining comprehensive information on enrolled PD patients, especially the severity and duration of disease; (3) re-validating potential biomarkers found using different screening approaches by RT-qPCR assays, and the process should be double-blind in different and larger cohorts with larger sample size. Besides, multi-unit cooperation to collect human samples for miRNA research and new trace-detecting technologies that can measure subtle changes in miRNAs in body-fluids and brain tissues are urgently needed.
